Background: Implantable cardioverter-defibrillator (ICD) lead parameters may deteriorate due to right ventricular (RV) disease such as arrhythmogenic right ventricular cardiomyopathy (ARVC), with implications for safe delivery of therapies. We compared ICD and CRT-D (cardiac resynchronisation therapydefibrillator) lead parameters in patients with ARVC and dilated cardiomyopathy (DCM). Methods: RV lead sensing (R wave amplitude) and pacing (threshold and amplitude-pulse width product (APWP)), left ventricular (LV) pacing (APWP), and imaging parameter trends were assessed in 18 patients with ARVC and 18 with DCM. Results: R wave amplitude did not change significantly over time in either group (over 5 years, ARVC -0.4 mV, 95% CI -3.8e3.0 mV; DCM -1.8 mV, 95% CI -5.0e1.3 mV). Within ARVC group, divergent trends were seen according to lead position. DCM patients experienced an increase in RV lead threshold (þ1.1 V over 5 years, 95% CI þ 0.5 to þ1.7 V) and RV APWP (þ0.48 Vms over 5 years, 95% CI þ 0.24 to þ0.71 Vms); ARVC patients had no change. ARVC patients had a higher LVEF at baseline than DCM patients (52 vs 20%, p < 0.001), though LVEF decreased over time for the former, while increasing for the latter. TAPSE did not change over time for ARVC patients. Conclusions: Lead parameters in ARVC patients were stable over medium-term follow up. In DCM patients, RV lead threshold and RV and LV APWP increased over time. These differential responses for DCM and ARVC were not explained by imaging indices, and may reflect distinct patterns of disease progression.
Introduction
Cardiomyopathies such as arrhythmogenic (right ventricular) cardiomyopathy (ARVC) and dilated cardiomyopathy (DCM) often progress over time, with deterioration in myocyte contractile function, disruption of myocardial architecture, and associated electrophysiological changes. Implantable cardioverter defibrillators (ICDs) and cardiac resynchronisation therapy e defibrillators (CRT-Ds) are often implanted in patients with these diseases. Disease progression raises the possibility that sensing or pacing parameters in these devices may deteriorate, with potential implications for safe delivery of tachycardia therapies in conditions involving the right ventricle (RV) [7] . In ARVC, fibro-fatty change can develop progressively, though the interventricular septum and left ventricle (LV) are commonly spared [3] . Placement of defibrillator leads in regions of healthy tissue, or epicardially on the LV via the coronary sinus, could help ensure safe device function, and optimal current drain, thereby preserving longevity.
We hypothesised that sensed R wave voltage in the RV of patients with ARVC decreases over time. To investigate, we compared ICD and CRT-D lead parameters, and indices of ventricular function, in patients with ARVC and DCM, with the latter acting as a comparator group.
Methods

Study subjects
We reviewed records of patients undergoing ICD or CRT-D implant at St Bartholomew's and the Heart Hospitals, London, between 2011, when device check records first began to be stored electronically, and 2016. There were 1676 patients who underwent ICD or CRT-D implant in this period; of these, 18 patients with a definite diagnosis of ARVC receiving de novo ICD/CRT-D were identified, and compared with 18 consecutive patients with a definite diagnosis of idiopathic DCM who underwent de novo device implant over the same period. Patients receiving de novo devices were chosen to minimise interaction of infections and other procedures such as upgrades and lead revisions on lead parameters and outcomes. Diagnoses were established in a specialist heart muscle disease clinic according to contemporaneous diagnostic criteria [8] . Data from all included patients were used in the analyses. Patient information was de-identified.
Device data
Implant records were reviewed to determine type of device, and whether the RV lead used active or passive fixation. Site of RV lead position was determined from the implant report. The following ventricular lead parameters were determined at implant, at one month follow up, and then at six monthly follow up intervals thereafter: RV lead R wave amplitude, RV lead threshold (voltage amplitude and pulse width), and high voltage (HV) electrode impedance, LV lead threshold (voltage amplitude and pulse width). Amplitude-pulse width product (APWP) was calculated and used as a means of incorporating the much more variable pulse widths used with LV leads in threshold testing.
Imaging data
Cardiac imaging reports for echocardiography and MRI were reviewed to obtain the baseline LV ejection fraction (LVEF) and tricuspid annular plane systolic excursion (TAPSE) measurements, as indices of LV and RV systolic function, respectively. These indices were then recorded from follow-up imaging investigations to allow investigation of trends over time.
Statistics
All statistical analysis was performed with StataIC 14 (StataCorp LP, USA), and figures were produced with this. Multilevel mixed effects models were employed to analyse repeated measures data, due to their ability to model within-patient variation, and their tolerance of missing data. Statistical significance was assumed if p < 0.05.
Results
Group demographic and device characteristics are summarised in Table 1 . Follow up data were available for a mean time of 30 months (standard deviation 18 months). For device lead parameters, the implant value and !1 follow up measurement were available for all 36 patients, except for RV threshold, RV APWP and HV impedance (data for 35 patients). Baseline and !1 follow up measurement of LVEF was available for 22 patients, and TAPSE measurements for 11 of the ARVC patients.
Patient and device-related events
One patient had a generator re-siting a month after implant, though the leads were not repositioned. One patient with DCM and CRT-D underwent heart transplant over a year after implant, and the device was extracted at this time. Another patient with DCM and CRT-D died 13 months after implant. One patient with DCM and ICD required atrial lead repositioning 2 months after implant, and this patient died 14 months after implant. And one patient required extraction of their CRT-D 36 months after implant due to infection.
RV (defibrillator) lead R wave
There was a significant difference in R wave amplitude between diseases at baseline, with R wave amplitudes in the ARVC group lower than those in the DCM group (D À5.6 mV, 95% confidence interval (CI) À8.8 to À2.5 mV, p < 0.001). For neither group was there a significant change in R wave over time (Fig. 1 ). Fig. 2 shows an example of the multilevel modelling, with the measured values and model's predicted values for each patient.
When R wave trends were analysed according to lead position, in ARVC patients there was no difference in mean implant R wave amplitude between septal and non-septal leads (p ¼ 0.463) (Fig. 3) . Septal leads showed a small decrease in R wave over time (À2.0 mV over 5 years, 95% CI -3.8 to À0.2 mV, p ¼ 0.026), while non-septal leads showed a small increase (þ3.6 mV over 5 years, 95% CI 0.8e6.4 mV, p ¼ 0.013). In DCM patients, there was no difference between sites in mean implant value (p ¼ 0.730). There was no significant change in R wave over time for septal (þ1.1 mV over 5 years, 95% CI -4.0e6.2 mV, p ¼ 0.680), or non-septal leads (À4.3 mV over 5 years, 95% CI -9.0e0.4 mV, p ¼ 0.071).
RV lead threshold e voltage amplitude
There was a significant difference between diseases at baseline: thresholds in the ARVC group were significantly higher than those of the DCM group (D þ0.2 V, 95% CI 0.0e0.4 V, p ¼ 0.031) (Fig. 4) . For DCM patients there was a significant increase in threshold over time, equivalent to þ1.1 V over 5 years (95% CI 0.5e1.7 V, p ¼ 0.001), while for ARVC patients there was no significant change seen (p ¼ 0.336). When analysed according to lead position, in the ARVC group there was no change over time for either septal (p ¼ 0.509), or non-septal leads (p ¼ 0.811). In the DCM group, septallypositioned leads showed an increase in threshold over time (þ1.5 V over 5 years, 95% CI 0.3e2.7 V, p ¼ 0.016), whereas nonseptal leads did not change significantly (þ0.9 V, 95% CI -0.3e2.1 V, p ¼ 0.150).
3.4. RV lead threshold e amplitude-pulse width product RV lead APWP in the ARVC group was significantly larger than in the DCM group at baseline (D þ0.11 Vms, 95% CI 0.02 to 0.20 Vms, p ¼ 0.018) (Fig. 5) .
HV lead impedance
There was no significant difference between diseases at baseline.
For DCM patients there was a modest magnitude increase in HV over time which was significant (þ7 U over 5 years, 95% CI 2e12 U, p ¼ 0.003). For ARVC patients, there was a similar modest magnitude increase in HV over time which was also significant (þ8 U, 95% CI 3e13 U, p ¼ 0.002).
LV lead threshold e amplitude-pulse width product
Only 1 patient with ARVC had a CRT-D, so analysis was restricted to the DCM group in whom 14/18 patients had a CRT-D. For these patients the baseline value in LV APWP was 0.33 Vms, and there was a significant increase over time, equivalent to þ0.58 Vms over 5 years (95% CI 0.05 to 1.11 Vms, p ¼ 0.033).
LV ejection fraction
There was a highly significant difference between groups at baseline, with LVEF higher in the ARVC group (D þ31%, 95% CI 19e43%, p < 0.001). However, there was a highly significant reduction of moderate magnitude over time for this group, equivalent to À8% over 5 years (95% CI -12 to À3%, p < 0.001), whilst for DCM patients there was a highly significant increase of moderate magnitude over time (þ13% over 5 years, 95% CI 4e22%, p ¼ 0.004) (Fig. 6 ).
Tricuspid annular plane systolic excursion
Only 3 DCM patients had 2 or more TAPSE measurements, so statistical analysis was restricted to the ARVC group in which 11/18 patients had !2 measurements. There was no significant change in TAPSE over time for these patients (p ¼ 0.685) (Fig. 7) .
Ventricular pacing percentage
The median ventricular pacing percentage in the ARVC group was 0% (interquartile range 0e0.7%), while that for the DCM group was 98.8% (interquartile range 94e99%).
Discussion
Currently there is no guideline-based recommendation of minimum R wave amplitude at implant for patients receiving an ICD or CRT-D. However, an amplitude of ! 5e7 mV is considered safe [16, 17] . Lillo-Castellano et al. found that with an R wave amplitude of 2.5 mV there was a significant risk of undersensing in VF [7] . Ruetz et al. concluded that there was no minimum sinus rhythm R wave necessary to ensure reliable sensing of VF, though less than 4% of patients in their study had R wave amplitudes <3 mV [14] .
We found a highly significant difference of moderate magnitude in R wave amplitude between patients with ARVC and DCM at baseline. The only other study to date to compare baseline characteristics between patients with ARVC and a comparator group found no difference [4] . This is difficult to explain, but the findings below do not support this being related to disease process.
In contrast to the study by Mugnai et al. [11] , there was no significant change in RV R wave amplitude over time in our ARVC group. Interestingly, when this group was analysed according to lead position, for those placed on the septum there was a small but significant deterioration in R wave, while those in non-septal sites (4 out of 5 at the apex) showed a small but significant increase in R wave over time. This contrasts with the findings of Herman et al., who reported no change in R wave in septally-positioned leads, though a deterioration for apical leads [4] . Our findings were unexpected, but together with those of Herman et al., suggest that while sensing may change slightly over the medium term, and lead position may affect this, the magnitude of change is small and therefore may not be of clinical significance. More extended follow up is required to know whether this deterioration is important in the long term.
The lack of change in RV threshold indices in the ARVC group is concordant with other published reports in which either no, or minimal change in threshold was observed [4, 11] . The DCM group on the other hand experienced a moderate increase in RV and LV threshold parameters over medium term follow up. Medi and Mond found stable lead parameters for pacemaker leads placed on the right ventricular outflow tract septum [9] . And Liang et al. compared septal and apical lead placement, and found that position in itself does not affect R wave amplitude or threshold significantly in patients with pacemakers [6] , findings supported by Kristiansen et al. in the setting of CRT [5] . Thus, it seems the RV lead threshold changes observed in the DCM group in our study are likely disease, rather than leaderelated.
In their study of coronary sinus LV leads, Steffel et al. noted no change in threshold energy over one year follow up [15] . However, La Rocca et al. noted an increase in mean pacing energy threshold over a mean of 41.7 months' follow up, concordant with our results [13] .
LVEF was seen to fall slightly over the course of the study period in the ARVC group. A possible reason for this is left ventricular involvement of the disease. Whilst less commonly seen, it is nevertheless reported [3] . The lack of change of TAPSE suggests RV function did not decline dramatically. And the ventricular pacing burden of the group was low, making right ventricular pacinginduced LV dysfunction highly unlikely. On the other hand, the DCM group experienced an increase in LVEF, despite increases in RV and LV pacing threshold parameters. The most plausible explanations are an effect related to CRT itself [2, 10] , pharmacological heart failure therapy, or resolution of or compensation for the myocardial insult that had caused the DCM.
With regards to why threshold parameters increased in the DCM group but not in the ARVC group, differences in pathophysiology and tissue inflammatory response may account for part of this. For example, there is some evidence to suggest an inflammatory response forms part of the pathogenesis in ARVC [1] . While it may be expected that such a response would increase pacing thresholds, perhaps conversely it could improve current transfer at the electrode-tissue interface.
Our study has several strengths. Firstly, we assessed lead parameters at multiple time points for each patient, ensuring reliability in recorded measurements, and maximisation of use of data. Secondly, we recorded up to five years' follow up for patients with ARVC and DCM with either ICD or CRT-D devices. Thirdly, to our knowledge, this is the first report combining ICD/CRT-D lead and imaging follow up data. Finally, with APWP we have created a new method to account for the real-world variability of pulse-widths used in LV pacing with CRT devices.
Study limitations
There were reasonably small numbers of patients in each group, as only patients with a confirmed diagnosis of ARVC and DCM, and new device implant, were included.
Conclusions
Current guidelines do not make specific recommendations regarding the position of ICD RV lead placement for patients with ARVC [12] . Overall in our ARVC cohort, there was no significant change in sensing over medium term follow up. Unexpectedly, R wave amplitude for septally-positioned leads in this group deteriorated slightly, whilst it increased slightly for non-septal (mostly apical) leads. Over medium term follow up, these small changes in sensing do not appear to be clinically significant, and in our study did not result in the need for lead replacement. Therefore either position would appear to produce acceptable lead parameters, though it may be preferable to avoid implanting ICD leads at the true apex due to the risk of wall perforation. Longer term follow up is required to assess lead parameter trends in this predominantly young patient group.
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